Purpose-Previous studies of human retinal pigment epithelium (RPE) morphology found spatial differences in density: a high density of cells in the macula, decreasing peripherally. Because the RPE sheet is not perfectly regular, we anticipate that there will be differences between conditions and when and where damage is most likely to begin. The purpose of this study is to establish relationships among RPE morphometrics in age, cell location, and disease of normal human and AMD eyes that highlight irregularities reflecting damage.
XX.1 Introduction
The retinal pigment epithelium (RPE) layer is located between the neurosensory retina and the choroid. Its main functions are to supply the highly metabolically active retina with nutrients and remove waste products from the photosensory processes of the cones and rods. To correctly function, the RPE layer must remain intact without any holes in the cell layer (Rizzolo 2014) . The RPE layer robustly compensates for some damage or death of RPE cells until a certain point (Negi and Marmor 1984; Kalnins et al. 1995; Nagai and Kalnins 1996) , but in the advanced stages of some retinal and macular diseases, the RPE layer can break down, leaving empty spaces (Ambati and Fowler 2012; Bhutto and Lutty 2012; van Lookeren Campagne et al. 2014) . Toxic products are generated near the RPE layer in many eye diseases, such as age-related macular degeneration (AMD) and Stargardt's. As RPE cells age, toxic metabolites continue to accumulate, causing the RPE cells to die (Liang and Godley 2003) . With extensive RPE cell death, the epithelial sheet loses its overall stability (Chrenek et al. 2012; Jiang et al. 2013; Jiang et al. 2014) , which leads to RPE dysfunction and impaired functioning and damage to the retina, such as that seen in AMD. Epithelial sheets are in general resilient and resistant to damage (Roider et al. 1992) , and they maintain barrier function by tiling across the sheet (Jiang et al. 2013) . In this study, we hypothesized increased variability in the shape and size of RPE cells and increased spatial irregularity by:
(1) region-, (2) age-, and (3) disease.
To test this hypothesis, we analyzed RPE cell shape and size from human cadaveric eyes.
Here we report the initial findings from both normal (undiseased) and AMD eyes across a broad age range. We found that RPE cell properties vary fairly consistently according to the region in the eye, age at death, and disease status.
XX.2 Methods
Cadaveric human donor eyes (n=14) harvested <7 h postmortem were dissected to obtain a strip of RPE from the optic nerve through the macula to the ora. We adhered to ARVO guidelines, and the Emory IRB approved the study.
The RPE was flatmounted, stained with AF635-phalloidin, and then imaged using confocal microscopy (Chrenek et al. 2012; Jiang et al. 2013; Jiang et al. 2014) . Images (typically 200 to 400 images, each image with hundreds of cells) were photomerged using Autopano Pro v2.5 (Kolor, Montmélian, France). RPE segmentation and analysis were amassed with CellProfiler (Lamprecht et al. 2007 ). Exploration of spatial point patterns was conducted using the "Spatstat" package (Baddeley and Turner 2005) of R.
XX.3 Results

XX.3.1 Preliminary findings
In the normal eye, cell density was higher at the macula compared to the far periphery. All parameters showed trends toward more variability in size and shape from macula to periphery. By region, irrespective of age, the macula and mid-periphery exhibited an isometric, small RPE cell, while the far periphery had a less uniform and larger RPE cell.
XX.3.2 Aging in the normal RPE
There was a transition at about 60 years old (yo), when the normal RPE sheet began to deteriorate. The deterioration was location specific. The macula and the far periphery showed significant changes. However, the mid-periphery exhibited no major changes between the younger vs., older eyes (data not shown). In the macula, there was more variability in sidedness (comparing <60 yo to >60 yo), reflected by a reduced percentage of hexagonal cells (43.5% vs. 38.0 % respectively, p=0.01). Author Manuscript
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XX.3.3 The AMD Eye
In cadaveric eyes from AMD patients, the disrupted RPE showed great variability in both the size and shape of cells. In the macula of AMD eyes, the RPE exhibited patches of very large cells ( Fig. XX.1 ). Where the RPE was atrophic, the surrounding RPE cells had an aberrant elevated rim. When soft drusen were present, adjacent RPE cells were often larger and stretched.
XX.3.4 Regularity in AMD and normal RPE sheets
Regularity in spacing was clearly evident in the RPE sheet, with much more uniformity in the normal RPE sheet than in the macula of the AMD patient. Images of each RPE sheet are illustrated in Fig. XX.1 . In Fig. XX.2 , the cumulative distribution function of the nearestneighbor distance (the G-function) is compared among the RPE pattern of an AMD eye (red), normal eye (green), and the control: the hexagonal cell lattice with the averaged cell size in the normal eye (blue). We also randomized the normal and the hexagonal lattice (dashed lines) to show the broadening of the distribution function. The plot indicated that the normal RPE pattern is remarkably similar to a hexagonal lattice of cells with a narrow distribution (tight size range within 8-12 microns), while the AMD pattern shows a much broader distribution and a strong shift to the right. The latter indicates that the AMD RPE pattern has a larger minimum size, and a much reduced regularity.
XX.4 Discussion
XX.4.1 The context of our findings
The fraction of hexagonal cells on a surface is an indication of the mechanical stability of a tissue: Hexagonal tiling is the most efficient way to cover a plane with a monolayer of cells of equal area with the least total perimeter per cell (Thompson 1942) . Sharp deviations from this tiling pattern indicate mechanical stress or a dynamic environment not near equilibrium. Cell death, cell division, and regional differences can affect the regular tiling and these defects compromise the strength and durability of the RPE sheet, and make these spots more vulnerable to neovascularization or the initiation of atrophic lesions (Shirinifard et al. 2012 ). Tiling defects occur in age-related loss of RPE cells (Watzke et al. 1993) , inherited mouse retinal diseases (Jiang et al. 2013 ), and regional differences (foveal RPE versus equatorial) (Gao and Hollyfield 1992) . We have initiated computer simulations of RPE cell death. The simulations seem to reveal testable hypotheses on loss of regularity in spatial point patterns according to a loss of inhibition in cell growth required to fill in holes in the RPE sheet.
XX.4.2 The normal eye and aging
The regular shape of RPE cells in the macula implies small and balanced external forces that pull or tug on each cell. The far-peripheral RPE cells were more irregular, suggesting forces causing uneven tension. The far periphery may be subjected to different amounts of strain due to the nearby ciliary body and the non-uniform, intermittent stress from the ciliary muscles. Alternatively, the RPE cells in the far periphery may be different from those in the macula or mid-periphery (Burke and Hjelmeland 2005) . RPE in the macula and farperiphery showed changes in both shape and size with age while the mid-periphery did not.
Drusen and basal laminar deposits tend to occur in the macula and far periphery. These are signs of RPE stress; we hypothesize there is more RPE stress in the macula and far periphery than mid-periphery. These models need to be tested that consider differences (e.g., metabolic demands of overlying photoreceptor cells and incidences of hard drusen) among these three locations versus other models of inherently different classes of RPE cells (Burke and Hjelmeland 2005) in these three locations.
XX.4.2 The AMD eye
Understanding normal RPE morphology helps to better understand RPE pathology by discriminating between the effects of age (the most important risk factor of AMD) versus other risk factors (genetics, smoking, type of drusen, and environmental factors). Our preliminary evaluations here may imply that clustered outliers in size and shape of RPE cells are risks for or may initiate progression of AMD. Our studies may help to identify breakdown in the RPE at an earlier stage allowing for more prompt evaluation and treatment.
XX.4.4 Spatial point patterning
We have found regularity in the spatial patterning of RPE cells that may reflect intercellular interactions. Future studies will help delineate when this regularity occurs/develops, and how it is lost in AMD, including the impact of druse, which distort the pattern in the RPE sheet.
XX.4.5 Future directions
In the near future, we will report full quantitative analysis of changes (per cell and in organization) in RPE with age, region, and disease state. We will correlate en-face metrics with histopathology of the same location cut in cross sections. These analyses should provide insight into the basic biology underlying transition from isometric cells to those that vary widely in shape, size, and function. Spatial point analysis by cumulative nearest neighbor distance distribution function. The key point is that G(r) for normal RPE is markedly different from that of AMD RPE, suggesting that the spatial patterns are more regular in normal eyes and becomes irregular in AMD RPE sheets. 
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